Eco-city philosophy and urban sustainability have been increasingly incorporated into planning and policy making. Often, system sustainability and resilience are assessed using a simple index approach, which can be helpful in measuring changes over time or in a comparative evaluation of cities, but is less helpful in guiding specific policy and design decisions. To this end, we illustrate the application of a dynamic water resource model which can complement an index analysis. Specifically, a personal computer (PC) version of the Stormwater Management Model (PCSWMM) was used to explore different wastewater treatment and urban flood management scenarios for Phnom Penh, Cambodia. Currently wastewater in Phnom Penh is treated effectively using sustainable, naturally occurring wetlands. Urban expansion is placing increasing pressure on these wetlands and PCSWMM results showed that infilling of the largest wetland by up to 22% could have a negative impact on treatment, but the system still would function. The alternative of activated sludge treatment is shown to be costly and energy intensive. Impacts of infilling on the large peri-urban community living on the wetland and to other ecosystem services were not assessed. Increased pump capacity at the existing stations would reduce, but not eliminate, local surface flooding. More sustainable, eco-friendly low impact development technologies should be considered in addition to hard engineering to reduce surface flooding.
Introduction
observed that explosive urban expansion throughout Asia has resulted in serious environmental problems, including air and water quality issues, and inadequate infrastructure; Varis, Biswas et al. (2006) mark similar challenges for megacities globally. Zhao et al. (2006) reported that <50% of the domestic wastewater in Asia is treated, compared with 80% in the developed world. Furthermore, >95% wastewater from Asian cities is discharged directly into receiving waters without any treatment. Given this treatment situation perhaps it is not surprising that the diarrhoea burden in Southeast Asia, as reflected by mortality and disability-adjusted life years (DALYS), is second behind sub-Saharan Africa in the regional analysis recently conducted by Pruss-Ustun et al. (2014) .
Although the interactions are complex and there is a need for more research, it seems that environmentally sensitive urban design can have a positive impact on human health (Jackson 2003; Northridge et al. 2003; Tzoulas et al. 2007; Vlahov et al. 2007 ). Kenworthy (2006) noted "Making existing cities and new urban development more ecologically based and liveable is an urgent priority in the global push for sustainability. " Ng and Hills (2003) argued that much research had focused on ranking world cities with respect to their economic health, but little work had addressed the comparative sustainability of these same cities, although more recently such comparisons are starting to be undertaken (e.g. Shen et al. 2011) . The concept of eco-city planning appears to have been established in North America during the mid-1970s with the Urban Ecology group in Berkeley, California (Roseland 1997) . The primary guiding principle for eco-city planning is the belief that cities should function in the same way as a natural ecosystem and reflect natural patterns of sustainability (Wittig 2008; Wong and Yuen 2011) . An important element of eco-city planning is the use of appropriate green technologies for water, energy and waste management (Kenworthy 2006; Wong and Yuen 2011) . Although the philosophical roots of eco-city planning may date to the mid-1970s, Joss (2010) observed that until the mid-2000s, there were relatively few concrete examples of true eco-city planning, but with increasing concerns about climate change and rapid urbanization in the developing world, there has since been a proliferation of eco-city initiatives. Wong and Yuen (2011) provided detailed examples of the global diffusion in eco-city planning and it seems that such planning has become embedded within mainstream policy making throughout the world.
Various approaches have been considered in assessing urban water resources, sustainability and urban resiliency, including life cycle assessment and pressure-state-response frameworks (e.g. Petit-Boix et al. 2014; Ravetz 2000; Sahely et al. 2005) , athough the indicator approach seems to have become most popular (Ciegis et al. 2009; Ding et al. 2014; Irvine 2013; Mori and Christodoulou 2012; Reed et al. 2006; Shen et al. 2011; van Leeuwen et al. 2012) . Most assessments using an indicator approach follow the three pillar or triple bottom line concept of sustainability that considers three types of capital: social, economic and environmental. In their review of five national scale indicator studies, Eriksen and Kelly (2007) found obvious differences, but also some similarities, specifically the common use of three variables (indicators): access to water or sanitation; per capita GDP; and infant mortality. The comparison also found that relatively few of the indicators reflected institutional conditions, even though Burch (2010) noted that institutional factors may produce important barriers to implementing policies oriented towards sustainability and resiliency. In fact, Mori and Christodoulou (2012) concluded a new sustainability index needed to be created for cities as they identified a number of shortcomings in their review of more than ten existing indexes. Sahely et al. (2005) examined sustainability criteria specifically for urban infrastructure systems and developed a set of indicators that included consideration of energy consumption, chemical use, greenhouse gas emissions, capital, operations and maintenance costs, service interruptions, and system leakage. Most of the indicators had time series data available that facilitated the tracking of temporal trends, although Sahely et al. (2005) also noted they were not able to fully quantify the social indicators within their study. Probably this not surprising, as while there clearly is a need for interdisciplinary, multidisciplinary and transdisciplinary approaches in sustainability research (Clark and Dickson 2003; Schoot Uiterkamp and Vlek 2007) , many have documented the barriers, as well as some of the bridges, to an integrated approach that improves research, and ultimately informs policy (Axelsson 2010; Heberlein 1988; Lowe and Phillipson 2009; Roughly and Salt 2005) . More recently, the City Blueprints project identified a set of 24 indicators that could be used "as a first step in the process of understanding, envisioning, developing and implementing measures to transform the water management of cities" (van Leeuwen et al. 2012) . In this study, social indicators included the existence of management and action plans and a measure of community volunteerism. Subsequently, van Leeuwen (2013) applied these indicators to compare the sustainability of water management across eleven cities in Europe and Africa.
At a larger spatial scale than the urban environment, some interesting and innovative work on integrating hydrologic, water quality, and socio-economic data in support of management plans for the Tonle Sap Lake system in Cambodia has been done, particularly through WUP-FIN (Water Utilization Program-Finland), an independent program coordinated with the Mekong River Commission (Keskinen 2006; Keskinen et al. 2005; Kummu et al. 2006; Varis, Kummu et al. 2006) . This program utilized a suite of hydrologic, hydraulic, and water quality models to provide extensive information about the physical dynamics of the water resource system, although Johnston and Kummu (2012) noted that quantitative modeling in the ecological and social spheres has not progressed as far, with geo-spatial analysis and qualitative frameworks being the most commonly used tools.
The question is, then, how can we encourage and support the progress of cities in Southeast Asia along a more sustainable path? While an indicator approach can facilitate between-city comparisons and identify temporal trends for a particular city to generally assess progress towards sustainability, it is less helpful for municipal planners making decisions regarding specific development options. As such, we argue it is worthwhile to concomitantly explore the use of dynamic modeling (i.e. representing time dependent changes in the system) tools to support such planning and decision making. However, this will require engineers, scientists, social scientists and urban planners to work collectively, along the lines of the example provided by the WUP-FIN project. Accordingly, this paper applies a personal computer (PC) version of the Stormwater Management Model (PCSWMM) to explore options for sustainable wastewater treatment and to reduce localized flooding in the city of Phnom Penh, Cambodia. PCSWMM is a dynamic urban water quantity and quality model that has been applied throughout the world (see more than 20 years of papers from the forerunning monograph series, newly evolved into the Journal of Water Management Modeling at https://www.chijournal.org/), although such modeling is less commonly done in Southeast Asia, with the exception of Singapore (e.g. Chaosakul et al. 2013; Chow et al. 2012; Shrestha et al. 2014; Sothea et al. 2010; Talei and Chua, 2012) . PCSWMM explicitly represents surface hydrology, routes flow and water quality constituents through a sewer system, and is capable of representing storage and treatment processes. Through a case study-scenario based approach, it is the objective of this paper to show how a dynamic model, such as PCSWMM, can be useful in supporting decision making that follows sustainability principles. It is important to note that there are a number of dynamic water quantity and quality models available. Because our team is familiar with PCSWMM and it offers advantages with respect to user friendliness, we chose to apply this model. Dynamic modeling can complement the indicator approach to sustainability and resilience assessment. While the story of Phnom Penh and its natural wetland treatment is a compelling one and important to discuss, the waterscape of the city can be seen in various, but similar, configurations throughout tropical Asia. The intent of this paper is less about the specifics of PCSWMM modeling per se, and more about taking some preliminary steps towards establishing modeling practices for urban communities in Cambodia (and other cities in Southeast Asia) which can be used and understood by the engineering community, the social science community, and public stakeholders (i.e. the multidisciplinary, interdisciplinary transdisciplinary model). When assessing urban water system sustainability, of course, it is important to consider the three pillars of environment, economy and society. However, both economic and social data with respect to water utilization and resources are limited in Cambodia and it was beyond the scope of this study to collect such data. Recognizing such a limitation, this paper focuses principally on the environmental pillar of sustainability. Ultimately, it would be useful to develop a decision support system or framework to help planners and engineers in this region assess sustainable urban water resource development (e.g. de Kok et al. 2009; Pearson et al. 2010 ).
Study Area
Phnom Penh, with a population of 1.5 million (2009), is serviced by a combined sewer system and flow is pumped to naturally occurring wetlands for treatment before it discharges to the Mekong River system (Visoth et al. 2010) . A wetland system potentially can provide effective wastewater treatment as well as environmental and economic benefits that include reduced energy use, reduced use of chemicals, no fixed (or sunk) costs, and essentially no maintenance costs (Brix et al. 2007; Koottatep and Panuvatvanich 2010; Koottatep et al. 2005) . Visoth et al. (2010) showed that Boeng Cheung Ek, the largest of Phnom Penh's naturally occurring treatment wetlands, was efficient in treating the city's waste. Because it was possible to build on previous water quality and quantity studies for the drainage system and wetland (e.g. Chea et al. 2010; Irvine et al. 2008; Marcussen et al. 2009; Ngoen-Klan et al. 2010; Sothea et al. 2010; Sovann et al. 2015; Takeuchi et al. 2005; Visoth et al. 2010) , the focus of the work reported here also is the Boeng Cheung Ek wetland and contributing sewershed. Phnom Penh's combined sewer system consists of a network of underground concrete and PVC sewer pipes that lead to open interceptor channels (e.g. Trabek and Meanchey channels, Figures 1 and 2 ). There is no wastewater treatment plant, so approximately 10% of the city's effluent flows directly into the Mekong River without any treatment. The remaining 90% is loaded into naturally occurring wetlands around the city for treatment. The surface area of the Boeng Cheung Ek wetland varies between 13 km 2 in the dry season and 20 km 2 in the rainy season.
Flow from the Trabek and Meanchey interceptor channels is pumped into Boeng Cheung Ek at the Trabek and Tumpun pump stations (Figure 3 ). The Trabek station, which drains the Boeng Cheung Ek has an extensive peri-urban community that uses the wetland for fishing and cultivating crops (Chea et al. 2010) . In this sense, Boeng Cheung Ek shares similarities with the East Kolkata treatment wetlands of India (Ghosh 1999; 2014) . Moeng (2004) reported that people living around the Boeng Trabek area (a smaller wetland connected to Boeng Cheung Ek) earned $27.50/day, USD, from vegetable cropping in 2002. He also reported there were 294 farmers who harvested up to 26 t/d vegetables on the 1.23 km 2 land area around Boeng Trabek, Boeng Cheung Ek and Boeng Tumpun wetlands. Unfortunately, there is no more recent demographic data available for Boeng Cheung Ek, but it has been the authors' qualitative observation that morning glory cropping, in particular, has expanded over the past decade.
PCSWMM Model Application
The entire south Phnom Penh sewer, pump and wetland system was seamlessly modeled with PCSWMM by Sovann et al. (2015) , based on earlier work by Visoth et al. (2010) and Sothea et al. (2010) . The calibrated PCSWMM model set up (Figure 4 ) reported by Sovann et al. (2015) was used as the base-of-comparison scenario for the work reported herein. Briefly, the study area (southern half of Phnom Penh, 25.83 km 2 ) was divided into 55 subcatchments for modeling purposes (Figure 4) . Subcatchment, sewer pipe and interceptor characteristics were determined through a combination of field measurement, Ikonos satellite images (1 m resolution, taken in 2005) and internal reports, design drawings, maps, and discussions with the Municipality of Phnom Penh and Department of Public Works and Transportation (in Khmer), and JICA (1999; 2001; . PCSWMM routing calculations, using a dynamic wave approach, were done at a 1 s time interval, with output reporting done every 10 min as well as averaging over the entire simulation period. Data for model calibration in urban areas are quite limited for developing countries such as Cambodia. Dry weather flow was recorded at 5 min time steps using a Hach Sigma 910 areavelocity meter in the sewer along Mao Tse Tung Blvd (one of the larger underground sewer pipes that drain a mixed land use area) between 2011-03-25 and 2011-03-31. The daily dry weather pattern was distributed on a unit area basis for south Phnom Penh, as shown by Sovann et al. (2015) . Calibration for storm events was based on observation of street surface flooding conducted by student teams in 2007 and 2008 (Visoth et al. 2010 ) and spot measurements of velocity in the interceptor sewers (Sovann et al. 2015; Visoth et al. 2010 ). Typically, modeled velocity was within 19% of measured velocity.
The wetland was divided into four zones for modeling purposes. Zones 1 and 2 directly receive the wastewater pumped through the Trabek and Tumpun pump stations. Zone 3 represents the narrower middle part of the wetland, while zone 4 includes the outlet towards the Bassac River at Ta Khmao.
PCSWMM provides different options to handle pollutant removal (treatment) within a wetland or detention pond and these can be programmed through the Treatment Editor. In general, a change in pollutant concentration (∆C) during any time step (∆t) can be represented as:
where:
C t = concentration at time t, and f i = fraction of pollutant with settling velocity u i . Here it is assumed pollutants would behave as a particle, which is appropriate for pollutants that tend to be particle-bound. However, since settling velocity frequently is not known, Equation 1 can be expressed as:
where k can be considered a representative settling velocity. Finally, then, by integrating between times t and t + ∆t, and assuming a residual concentration C * remaining in the water column, we get:
Alternatively, treatment can be expressed as an empirical function of the pollutant concentration entering the pond or as a removal fraction (sometimes called a potency factor) of another pollutant. The empirical function may include one or more process variables (e.g. flow rate into the pond, depth of water above the pond bottom, surface area of the pond, hydraulic residence time, and routing time step). The empirical function approach provides the option, for example, of representing BOD through a first order decay expression of hydraulic residence time. For simplicity in this study, the removal fraction option was used to model pollutant treatment for each zone and the model was calibrated against the mean contaminant concentrations measured for each of the four zones in 2011 (Sovann et al. 2015) .
Base-of-Comparison Scenario
Two important water resource issues have emerged in Phnom Penh as the city has begun to redevelop after the Khmer Rouge period: water quality associated with waste discharge; and localized urban flooding due to heavy rainfall and poorly maintained drainage systems (e.g. Chakrya and Yeap 2012; Irvine et al. 2006; Reaksmey 2012; Schneider 2011; Sina and Chen 2012; Sophakchakrya 2010) . Studies of Boeng Cheung Ek's treatment efficiency showed that the wetland reduced E. coli levels by between 99% and 99.97%; detergents by around 86%; total phosphorus by between 31% and 71%; and total nitrogen by ≤71% (Sovann et al. 2015; Visoth et al. 2010) , which are quite remarkable results. Vuong et al. (2007) similarly noted that the wetland was effective in reducing thermotolerant coliforms between inlet and outlet.
However, a smaller treatment wetland in the northern part of the city (Boeng Kak) is being entirely filled in for urban development (Reaksmey 2012 ) and parts of Boeng Cheung Ek are starting to be filled in, with plans for more infill as the construction of Hun Sen Blvd that will connect Phnom Penh with Ta Khmao is underway. Increased flooding in the Boeng Kak area attributed to the infilling already has received media attention (Sina and Chen 2012) .
The Boeng Cheung Ek configuration and bathymetry per the survey of March, 2011 (dry season) and August, 2011 (rainy season), as reported by Sovann et al. (2015) , were used for the base-of-comparison modeling in this paper. Rainfall used for all model runs was taken from a tipping bucket rain gauge installed in the south-central part of the study area. The recorded rainfall data for the period 2011-05-10 to 2011-07-01 were binned into 10 min time steps to drive the PCSWMM model. We recognize that the simulation time is relatively short when extrapolating to a longer planning horizon, but as noted above long term data are not available in Cambodia. For this type of preliminary investigation, the short simulation timeframe is adequate.
Boeng Cheung Ek Infilling Scenario
Two scenarios were considered with respect to the infilling of Boeng Cheung Ek and wastewater treatment. The first scenario considered a possible reduced wetland size related to the construction of Hun Sen Blvd. The second scenario considered a total infill and the associated costs of alternative treatment using an activated sludge approach. Activated sludge was chosen as the alternative treatment approach because this treatment technology is commonly employed in North America and also in Thailand, particularly Bangkok (Liu et al. 2012; Noophan et al. 2009; Visvanathan 2011 ). Cost and energy data were therefore available for planning level calculations. Given the wetland infilling that currently is being done to construct Hun Sen Blvd, PCSWMM was used to examine possible impacts on treatment efficacy. Based on preliminary design reports (http://www.phnompenh.gov. kh/news-samdech-hun-sen-blvd-a-new-blood-vessel-for-southern-part-of-phnom-penh-851.html) Hun Sen Blvd will be 30 m wide and approximately 5 900 m long. Traditionally in Cambodia houses and commercial structures have been built alongside roadways, so we assumed an additional 30 m would be infilled on either side of the boulevard for the entire length. This produced an infill area of 531 000 m 2 that was distributed equally across zones 1, 3 and 4 in the model (i.e. 177 000 m 2 wetland infilled in each of the three zones). Based on currently observed patterns of infill and the likelihood that additional infill would occur where Hun Sen Blvd branched into the wetland in Phnom Penh and out of the wetland near Ta Khmao, it was assumed an additional 20% of dry weather wetland area would be infilled in zones, 1, 2 and 4.
The costs for construction and maintenance of two activated sludge plants were calculated from the data reported by Singhirunnusom and Stenstrom (2010) for Thailand. The dry weather (sanitary) flow for the entire study area was determined to be 52 704 m 3 /d based on the monitoring reported by Sovann et al. (2015) and using a safety factor of 10%, it was assumed 58 500 m 3 /d of flow would be treated. Here we assumed only dry weather sanitary flow, is treated.
Additional Pumping Capacity Scenarios to
Reduce Surface Flooding Molyvann (2003) noted that Phnom Penh's pumping stations were neither numerous enough nor powerful enough to adequately fulfill their pumping functions. Two scenarios were considered with respect to increased pumping capacity at the existing Trabek and Tumpun pump stations that could be implemented to reduce the problem of surface flooding. The first scenario simply doubled the pump capacity at all forebay water levels over the operating range, to a maximum of 16 m 3 /s at the Trabek station and 24 m 3 /s at the Tumpun pump station. The second scenario maintained current pump capacity at the lower depths of flow, but as the storm progressed, the pump capacity was increased by up to triple the current capacity, to a maximum of 24 m 3 /s at the Trabek station and 36 m 3 /s at the Tumpum station.
Results and Discussion

Rainfall Events
As noted, the rainfall data for the period 2011-05-02 to 2011-07-01 were used as input to PCSWMM. This period represents the early rainy season in Phnom Penh, which is a time when flow in Boeng Cheung Ek is not yet influenced by a freshwater pulse entering from the Bassac River at the outlet of the wetland. A total of 362 mm rainfall was recorded for the modeled period, with two events having peak rainfall intensities of 48 mm/h.
Boeng Cheung Ek Infilling
Infill assumed for the wetland under the first scenario was 2.87 km 2 , which represents 22% of the 13 km 2 dry weather area or 14% of the 20 km 2 wet weather area. Results of the modeled base-of-comparison run and infill scenarios for water quality in zone 4, the outlet of the wetland, are shown in Table 1 . To allow for model start-up in representing the large treatment wetland, the data in Table 1 represent the period 2011-05-15 to 2011-07-01 rather than from 2011-05-02. Not surprisingly, with infilling the modeled water depth in zone 4 of the wetland was greater (averaging 2.84 m) than under the base-of-comparison (averaging 2.64 m). To be conservative and using maximum concentration as an indicator, Table 1 shows that the modeled water quality under the infill scenario was poorer for all parameters except total phosphorus. The water quality routing continuity errors (based on simple mass balance of a contaminant's initial storage, inputs to and outputs from the system) for PCSWMM were 4%, 14%, 3.9% and 5.1% for detergents, E. coli, total phosphorus and total nitrogen respectively. The percentage increases in the maximum concentrations of E. coli, detergents and total nitrogen were greater than the routing continuity errors and it might therefore be expected that the infilling as outlined in this scenario could have a negative impact on effluent quality going to the Mekong-Bassac River system with respect to these parameters. It should be noted, however, that even with the infilling, detergents levels were below Cambodian water quality guidelines and the E. coli levels remained just below WHO guidelines for irrigation water used for vegetables eaten raw (1 000 cfu/100 mL), or for that matter, secondary contact guidelines used in Canada (also 1 000 cfu/100 mL, Health Canada 2012). Wastewater quality data for Phnom Penh reported by various other studies are summarized in Table 2 , for comparison purposes. Although there is some variability in the reported wastewater quality, the wetland appears capable of effective treatment. Should Boeng Cheung Ek be filled in entirely, one possible option for treatment would be construction of a traditional activated sludge plant, as is frequently used in neighbouring Thailand, for example (Noophan et al. 2009) . While this technology is well proven and reliable, there are some issues of economic and environmental cost that should be considered in comparison to the current naturally occurring wetlands treatment. For example, Liu et al. (2012) noted that energy demand varies considerably by technology and the size of treatment plant, and in developed countries electricity may represent 5% to 30% of total operating costs, rising to 40% in developing countries. Visvanathan (2011) indicated that electricity is 50% of the operating costs for plants in Bangkok. Liu et al. (2012) Here, Q and F are considered equivalent and take a value of 58 500 m 3 /d. Based on Equations 4 and 5, construction cost for an activated sludge plant in Phnom Penh (that would treat all wastewater from the Trabek and Meanchey sewersheds, combined) would be on the order of $49.1 million USD and annual O&M would be $0.82 million USD. This estimate of O&M is less than the electricity costs estimated using simple energy consumption as noted above ($1 to $3.7 million USD per year), but electricity costs in Thailand may be about half the rate used here for Cambodian hydropower-sourced electricity (http://www.boi.go.th/index. php?page=utility_costs&language=en). Therefore, it might be expected that Equation 5 would provide a lower O&M estimate. While these cost calculations are useful to explore, ultimately the municipality has no plans nor budget to construct such a plant (http://www.cambodiadaily.com/archives/as-phnom-penhgrows-so-does-its-sewage-problem-23419/). Table 3 summarizes model results for localized surface flooding under base-of-comparison conditions and the two different scenarios of increased pumping. While both pumping scenarios decreased the surface flooding volume, mean and standard deviation of surface flood time, Table 3 shows that surface flooding still would occur. Current data on the cost of pump operation are not readily available, but in its basic design study JICA estimated the cost of the Tumpun pump station upgrade to current conditions would be $1.2 million USD and the annual O&M would be $221 000 USD (JICA 2001). These costs could be used as a starting reference for the increased pumping capacity. PCSWMM results also indicate that certain areas experience relatively greater flooding problems than others as a result of system constraints that cannot be addressed by increased pumping. Specifically, areas in subcatchments S3, S17, S42, S46 and S55 remain at risk of flooding (Figure 3 , above).
Localized Surface Flooding Reduction through Increased Pumping Capacity
One option to reduce surface flooding, in addition to increasing pump capacity, is the construction of underground holding tanks. This approach, recently completed in the northern section of the city at a design cost of $26.7 million USD (JICA 2006), could be evaluated for the Trabek and Meanchey sewersheds using PCSWMM. PCSWMM includes system design tools to appropriately size holding tanks. Alternatively, low impact development (LID) designs could be explored using PCSWMM. Globally, LID technologies including green roofs, bioretention cells, permeable pavement, rain barrels or cisterns, and grassed swales increasingly are being implemented (Ahiablame et al. 2012; Shamsi 2010) , and in Southeast Asia Singapore has aggressively implemented LID designs . LID technologies most certainly are consistent with eco-city planning philosophy. Modeling efforts that assess the effects of these technologies increasingly are available, to the point that they are now explicitly included as an option in the Stormwater Management Model (Rossman 2010 ).
However, some important gaps in our understanding of LID operations remain, as, for example, there seems to be very little empirical data at a large sewershed scale, across multiple storms and seasons, to confirm performance of the technologies and models (Irvine 2013) . Modeling efforts to date seem to suggest that LID technologies are less helpful in managing larger events (Gill et al. 2007; Holman-Dodds et al. 2003) , although an unpublished report by Drexel University for a test area in Cambria Heights, New York City, showed that LID technology performed exceedingly well in controlling runoff from superstorm Sandy and hurricane Irene. Hopefully, the data gaps are starting to change with projects described, for example, by Pitt and Voorhees (2011) , although more work in tropical environments is needed.
The Way Forward-Urban Planning and the Wetlands of Phnom Penh
Renowned Cambodian architect and urban planner, Vann Molyvann, in his book Modern Khmer Cities, provides some important observations on the methods and historical importance of water management in Cambodia, as well as some recommendations for future urban development. He notes that in the 1950s and 1960s large areas of Phnom Penh were turned into landscaped gardens, surrounded by reservoirs. The original outward expansion of the city was accompanied by well planned water management schemes that incorporated the traditional prek and beng (boeng) design to collect and drain the water. Yet he argues most prek and beng have been filled in, "dramatically reducing the places in the city where water can run off or be stored. " The management of urban form in Phnom Penh will signal the path for development in other urban areas of Cambodia, but Molyvann is concerned that Phnom Penh is not following the best path. The city has no official master plan, yet new (and often controversial) construction abounds, making Phnom Penh one of the most expensive property markets in Southeast Asia (Nam 2011) . Unfortunately, this development often follows the pave all approach, which takes it in the opposite direction of eco-city planning.
By contrast, during the 1980s the West Bengal government in India established development control measures to ensure the preservation of the 125 km 2 East Kolkata wetland that both treats urban wastewater and hosts peri-urban fisheries crops and rice paddies (Ghosh 1999; 2014) . Health issues related to use of wastewater in agriculture and aquaculture practices are a concern and need to be managed, but globally there is a long history of wastewater reuse and studies indicate there are economic and environmental benefits when practised appropriately (Drechsel and Seidu 2011; Heinz et al. 2011; Jimenez and Asano 2008; Miller 2006; Murray et al. 2011; Weldesilassie et al. 2011; Wichelns et al. 2011 ) . Health risks related to use of Boeng Cheung Ek have been examined elsewhere (Chea et al. 2010; Marcussen et al. 2009; Ngoen-Klan et al. 2010 ) and currently the primary risk seems to be from biological (rather than chemical) vectors, which can be more easily managed through public education. Preservation of Phnom Penh's remaining wetlands, as was done in West Bengal, would be prudent, cost effective, and consistent with both ecocity planning principles and the historical water management practices of Cambodia.
6 The Way Forward-Need for a Decision Support System (DSS) Silva-Hidalgo et al. (2009) examined the issue of modeling for Integrated Water Resources Management (IWRM) and concluded that while mathematical models can be valuable tools, in addition to hydrology, new models needed to be developed to include social, economic, legal and environmental considerations. Too often, it was felt, models provided a theoretical rather than practical solution for planning and frequently models were not accepted or understood by non-experts. Serrat-Capdevila et al. (2011) stated that "In general, scientists, academicians and some practitioners are convinced that numerical models are indeed a good tool to support decision making, but the reality is that the adoption of modeling tools by policy and decision makers is not standard practice. " Furthermore, Smith Korfmacher (2001), in discussing arguments against public participation in watershed modeling, cited the general lack of expertise in such applications. While the indicator approach is attractive for its apparent simplicity and ease of understanding, and the capacity to facilitate intercity comparisons of sustainability, development scenarios and design plans for implementation cannot be done with this approach. In fact, the use of the indicator approach and more detailed dynamic modeling to assess and manage urban water resources may not be mutually exclusive, but rather suggests the need for a DSS. Abundant examples of a DSS for larger watersheds exist (e.g. Choi et al. 2005; de Kok et al. 2009; Rodgers et al. 2007; Rutledge et al. 2008) but it is less clear how a DSS might evolve for smaller urban sewersheds, particularly in developing countries of Southeast Asia. There does seem to be consensus that for a DSS to be successfully implemented, all stakeholders need to participate in its development from the start (Rodgers et al. 2007; Roux et al. 2006; Serrat-Capdevila et al. 2011) .
In this paper we have demonstrated that PCSWMM can be used to address practical planning questions that could be posed by technical staff and public alike. PCSWWM could form part of the core of a DSS for eco-city planning, but the DSS may in fact be more of a theoretical framework or formal set of planning steps, as opposed to explicitly linked software modules. This theoretical framework remains to be developed, but should incorporate aspects of adaptive management and social learning, as discussed by Pearson et al. (2010) .
Conclusion
PCSWMM was applied to evaluate wastewater treatment and surface flooding scenarios for Phnom Penh, Cambodia. The model showed that treatment was negatively impacted but could still be effective under urban expansion scenarios that reduce the wetland area by up to ~22%. It is possible that wastewater treatment in a smaller wetland could be optimized by enhancing hydraulic retention and strategic plantings and such designs could be evaluated at a planning level using PCSWMM. The wastewater volume used in the modeling effort reflected current levels. With a growing population, more wastewater will be generated and such growth also could be explored using PCSWMM. The natural wetlands are consistent with eco-city philosophy and in addition to water quality services, provide ecosystem services including enhanced biodiversity and floodwater storage, food security through peri-urban agriculture and aquaculture, and a cultural touchstone for the peri-urban community. This type of economic valuation is challenging, can be controversial, and requires considerable effort (Kenter et al. 2011; Norgaard 2010; Pattanayak 2004; Turner et al. 2011; Whittington 1998) , which was beyond the scope of this project, but such valuation nonetheless should be considered as a next step in developing a wetlands management strategy.
Increased pump capacity at the existing stations was evaluated using PCSWMM as potentially the most expedient option to reduce localized surface flooding in the southern part of the city. While the increased pumping reduced duration and volume of surface flooding, there are sections of the city that still would experience flooding due to drainage system constraints. LID options to reduce surface flooding could be explored effectively using PCSWMM.
Scenarios assessed here are but one set of examples of a multitude of options that could be assessed using PCSWMM. Certainly it would be useful to examine a greater range of hydrometeorological conditions (e.g. rainy season vs dry season) and consider potential impacts due to climate change. We argue that by applying dynamic modeling tools when considering development scenarios, urban planners, engineers, scientists, social scientists, developers, and community stakeholders can collectively make more certain steps towards achieving a sustainable city. Work remains to develop a truly integrated, multidisciplinary decision support framework for urban water resources management.
